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Electrochemical techniquesAbstract Preliminary phytochemical screening was carried out for methanolic extracts of
Pterolobium hexapetalum (PH) and Celosia argentea (CA). Methanolic extracts of PH and CA were
studied as corrosion inhibitors for mild steel in industrial water medium using mass loss and
electrochemical techniques. The adsorption of both PH and CA extracts on mild steel surface
followed Langmuir isotherm. The electrochemical impedance spectroscopy (EIS) measurements
showed that the charge transfer resistance increases with increasing concentration of extracts. Var-
ious thermodynamic parameters were evaluated and discussed. Scanning electron microscopy
(SEM) was used to analyze the surface adsorbed ﬁlm. Further, antioxidant activity of the plant
extracts was determined and correlated with the results obtained with inhibition efﬁciency.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.1. Introduction
Corrosion of metals is a common problem with economic
implications costing billions of dollars each year. Corrosion
inhibition is required by many industries, for example oil
and gas exploration and production, petroleum reﬁning and
chemical manufacture [1]. The use of inhibitors is one of themost effective ways to prevent corrosion. Inhibitors are
commonly used to reduce the corrosive attack of solutions to
the contacted metallic materials. The majority of well-known
inhibitors are organic compounds containing heteroatoms
such as O, N and S with multiple bonds. The efﬁciency of these
organic corrosion inhibitors is related to the presence of polar
functional groups with S, O and N atoms in the molecule [2–6].
Nevertheless, most of these organic compounds are not only
expensive but also toxic to both human beings and the envi-
ronment [7]. Therefore, the investigation of new cost-effective,
non-toxic and eco-friendly inhibitors is essential to get over
this problem and has been addressing toward the goal of using
cheap, effective compounds at low or ‘‘zero’’ environmental
impact.
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tors of corrosion due to their low cost, biodegradability, high
availability and non-toxic nature [8,9]. So, the study of plant
extracts as corrosion inhibitors has received more attention
due to environmental beneﬁts. Several naturally-occurring
materials such as Zanthoxylum alatum, Justicia gendarussa,
Phyllanthus amarus, Opuntia, Mentha pulegium, black pepper,
Datura metel, khillah seeds, lupine, Gossypium hirsutum L.,
Gongronema latifolium, Aloe vera, zallouh root were used as
possible sources of green corrosion inhibitors by several
researchers [10].
Pterolobium hexapetalum (PH) is one of the important
medicinal plants, the leaves and stem bark of this plant are
widely used for cough in children and delivery pains all parts
against a large number of therapeutic activities like fever,
cough, tooth ache, chest pain, dog bite (Rabies), vomits, heat
boils, diarrhea, constipation and piles, bone fracture, jaundice,
ulcer, skin infection, wound healing, venereal diseases and
treating ulcer [11,12]. Celosia argentea (CA) is also a medicinal
plant, the seeds are extremely small and used traditionally for
the treatment of jaundice, gonorrhea, wounds and fever. The
leaves are used for the treatment of inﬂammations, fever and
itching. It is also used in the traditional medicine for sores,
ulcers, skin eruptions, mouth sores and also the plant was
investigated for anti-inﬂammatory, antipyretic, antidiabetic,
antibacterial and diuretic properties [13,14]. However, PH
and CA have not been exploited as corrosion inhibitors. In
the view of the results obtained by phytochemical investiga-
tion, it was found worth investigating the corrosion inhibition
behavior of these plants extracts. Hence, the present paper
reports the results of our investigation on the inhibitive perfor-
mance of PH and CA extracts on MS at different temperatures
in industrial water medium using mass loss and electrochemi-
cal techniques. The thermodynamic activation and adsorption
parameters were evaluated and discussed, and isotherm
behavior has been determined. The morphology of the inhib-
ited surface was investigated by scanning electron microscopy
(SEM). The antioxidant activity of the PH and CA extracts
was determined and correlated with the results obtained with
their inhibition efﬁciency (IE%).2. Experimental
2.1. Materials
The specimens used for corrosion tests were mild steel (MS)
coupons which have the following composition (wt%): 0.051
C, 0.023 Si, 0.005 P, 0.103 Al, 0.179 Mn, 0.023 S and the
remainder is iron. The test solution was industrial water col-
lected from heat exchangers and reboilers of the chemical
industries in and around Mysore city, India. The chemical
composition of the industrial water (ppm) obtained from ionic
chromatograph was: 7500 Cl; 64 Ca2+; 3440 SO4
2; 23 Mg2+;
140 Na+; 0.28 PO4
3. Prior to gravimetric and electrochemical
measurements, the surface of the specimens was polished
under running tap water using emery paper (SiC, grade 200–
600), rinsed with distilled water, dried on a clean tissue paper,
immersed in benzene for 5 s, dried and immersed in acetone for
5 s, and dried with clean tissue paper. Finally, the specimens
were kept in desiccators until use. At the end of the gravimetric
experiment, the specimens were carefully washed with acetoneand benzene, dried, and then weighed. For electrochemical
studies, the MS specimen was embedded in epoxy resin to
expose a geometrical surface area of 1 cm2 to the electrolyte.
2.2. Methods
2.2.1. Phytochemical screening
Mature leaves of PH and CA collected from Western Ghats,
Karnataka, India, were used for the preparation of methanolic
extracts. Thoroughly washed leaves were shade dried and then
powdered with the help of a blender. The leaf powder was
extracted with methanol using a Soxhelt extractor. The
extracts were concentrated using a rotary ﬂash evaporator
and preserved at 273 ± 5 K in an airtight bottle until further
use. The extracts of the dry powdered leaves were analyzed
for the presence of various phytoconstituents using phyto-
chemical procedures [15]. Total soluble phenolics in the leaf
extracts of PH and CA were determined with the Folin–
Ciocalteu reagent method using gallic acid as a standard phe-
nolic compound [16]. The antioxidant activity of PH and CA
extracts was also determined by DPPH and hydroxyl radical
scavenging assay methods [17,18] using ascorbic acid (AA) as
standard.
2.2.2. Weight loss measurements
Mass loss measurements were carried out by weighing cleaned
and dried MS specimens before and after immersion in indus-
trial water medium in the absence and presence of PH and CA
extracts at different temperatures (303–333 K). The tempera-
ture of the environment was maintained by a thermostatically
controlled water bath (Weiber, India) with an accuracy of
±0.2 C under aerated condition. The mild steel specimens
used were rectangular with a dimension of 1 · 1 · 0.1 cm.
The initial weight of the specimen was recorded using an ana-
lytical balance (precision ±0.1 mg). After the corrosion test in
industrial water with and without inhibitor, the specimens
were carefully washed in double distilled water, dried and then
weighed. The weight loss of the specimen was determined after
an immersion period of 10–50 h at the temperature range of
303–333 K. Triplicate experiments were performed in each case
and the average mass loss was reported. The corrosion rate
(C.R.) and inhibition efﬁciency (IE%) are calculated using
the Eqs. (1) and (2).
C:R: ¼ Dw
St
ð1Þ
IE% ¼ ðC:R:Þa  ðC:R:ÞpðC:R:Þa
 100 ð2Þ
where DW is the weight loss, S is the surface area of the spec-
imen (cm2), t is the immersion time (h), and (C.R.)a and
(C.R.)p are corrosion rates in the absence and presence of
the inhibitor, respectively.
2.2.3. Electrochemical impedance spectroscopy (EIS)
The EIS tests were performed in a three electrode assembly
CH1660D instrument. The cell arrangement used was a con-
ventional three-electrode cell with platinum counter electrode,
saturated calomel electrode as reference electrode and test
material (mild steel) as working electrode. All potentials are
reported versus SCE. The measurements were done after
Pterolobium hexapetalum and Celosia argentea plant extracts 20330 min of immersion in the testing solution. EIS measurements
were performed with a frequency range of 10.000–0.1 Hz and
amplitude of 0.005 V. The IE(%) was calculated using the
charge transfer resistance as follows:
IEð%Þ ¼ 1=ðRctÞa  1=ðRctÞp
1=ðRctÞa
 100 ð3Þ
where, (Rct)a and (Rct)p are charge transfer resistances in the
absence and presence of inhibitor, respectively.
2.2.4. Potentiodynamic polarization measurements
The electrochemical character of MS sample in uninhibited
and inhibited solutions was investigated by recording anodic
and cathodic polarization curves in industrial water with dif-
ferent inhibitors’ concentrations (200–500 ppm) with an
exposed area of 1 cm2. A conventional three electrode cell con-
sisting of MS as working electrode, platinum foil as counter
electrode and saturated calomel electrode as reference elec-
trode was used. Potentiodynamic polarization curves were
recorded after immersion of the working electrode (MS) for
30 min in industrial water containing different concentrations
of the inhibitors with a scan rate of 0.4 mV s1. The linear
Tafel segments of anodic and cathodic curves were extrapo-
lated to corrosion potential (Ecorr) to obtain corrosion current
densities (Icorr). The IE(%) was calculated using Eq. (4):
IEð%Þ ¼ ðIcorrÞa  ðIcorrÞpðIcorrÞa
 100 ð4Þ
where, (Icorr)a and (Icorr)p are the corrosion current density
(lA cm2) in the absence and presence of the inhibitors,
respectively.
2.2.5. Scanning Electron Microscopy (SEM)
The surface morphology of the MS specimens in the absence
and presence of PH and CA extracts at 303 K was investigated
by the Scanning Electron Microscopy (SEM) technique
(Model JSM-5800).
3. Results and discussion
3.1. Phytochemical screening
The PH and CA extracts were preliminarily screened for their
phytochemical constituents and the results are presented inTable 1 Phytochemical screening of methanolic extracts of
PH and CA extracts.
Phytochemicals PH CA
Alkaloids  
Flavonoids + +
Glycosides  
Phytosterol  
Saponins  +
Steroids + 
Tannins + +
Phlobatannins  
Antraquinones + 
Aminoacids  +
Triterpenes + 
Phenolic compounds + +
+, positive test; , negative test.Table 1. It was found that the methanolic extracts of PH
and CA contain many organic compounds such as ﬂavanoids,
steroids, tannins, triterpenes and phenolic compounds. Most
of these constituents are known to have good inhibitive action.
The total phenolic contents of PH and CA were found to be
58.5 mg/g GAE (Gallic Acid Equivalents) and 53.8 mg/g
GAE, respectively. The inhibitive effect of PH and CA extracts
on the corrosion MS is conﬁrmed by mass loss and electro-
chemical techniques. Therefore, it is pertinent to say that the
adsorption of these compounds onto MS surface is responsible
for corrosion inhibition effect. One of the main criticisms of
the use of plant extract as corrosion inhibitors is the inability
to pinpoint the major active component that is responsible
for the inhibiting action owing to the complex chemical
composition of the crude extract. However, the synergistic
effect of various constituents of the extracts efﬁciently inhibits
the corrosion of metals. The adsorption of these compounds
on the metal surface reduces the surface area available for
corrosion [19].
3.2. Effect of immersion time
In order to evaluate the effect of immersion time on inhibitive
behavior of PH and CA extracts, weight loss measurements
were performed in industrial water medium in the absenceFigure 1 Effect of immersion time on IE% (a) PH extracts and
(b) CA extracts.
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Figure 2 Variation of C.R. as a function of temperature (a) PH
extracts and (b) CA extracts.
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for 10–50 h immersion time at 303 K. It can be seen from
Fig. 1a and b that the inhibition efﬁciency (IE%) of the
extracts was increased with increasing immersion time from
10 to 40 h. This increase in IE% reﬂects the strong adsorption
of extracts on the MS surface, resulting in a more protective
layer. But after 40 h, the IE% slightly decreases. This decrease
in IE% for a long period of immersion can be attributed to the
depletion of available inhibitor molecules in the solution due
to chelate formation between metal and the inhibitor [20,21].
3.3. Effect of temperature
The weight loss measurements were carried out as a function
of temperature (303–333 K) and concentration of PH (500–
2500 ppm) and CA (200–1200 ppm) extracts at 40 h of immer-
sion time. The inhibition efﬁciency (IE%) and corrosion rate
(C.R.) are summarized in Table 2 and Fig. 2a and b. The cor-
rosion rate increases with increasing the temperature in the
absence of the inhibitors. This increase in corrosion rate is
gradually reduced in the presence of inhibitors.
Inspection of Fig. 3a and b revealed that inhibition efﬁ-
ciency decreases with an increase in temperature. This is attrib-
uted to an increase in the solubility of the protective ﬁlms and
of any reaction products precipitated on the surface of the
metal that may inhibit the reaction [22], and also due to an
enhanced effect of temperature on the dissolution process of
MS or the partial desorption of the inhibitor from the metal
surface [23].
The activation parameters play an important role in under-
standing the inhibitive mechanism of the inhibitors. The
apparent activation energy and pre-exponential factor for dif-
ferent concentrations of PH and CA extracts were calculated
from the plots of logarithm of CR versus 1/T (Figs. 4a and
5a) using Arrhenius-type Eq. (5).
C:R: ¼ A exp  Ea
RT
 
ð5Þ
where Ea is the apparent activation energy, T is the absolute
temperature, A is the Arrhenius pre-exponential constant and
R is the universal gas constant. The values of Ea and k atTable 2 Corrosion parameters for MS surface in industrial water
different temperatures.
Plant extracts Temperature
C (ppm) 303 K 313 K
C.R., mg cm2 h1 IE(%) C.R., mg cm2 h
PH 0 0.1204 – 0.1358
500 0.0512 57.47 0.0611
1000 0.0445 63.03 0.0555
1500 0.0386 67.94 0.0511
2000 0.0352 70.76 0.0455
2500 0.0318 73.58 0.0414
CA 0 0.1124 – 0.1326
200 0.0535 55.56 0.0716
400 0.0490 59.30 0.0615
600 0.0431 64.20 0.0566
800 0.0398 66.94 0.0529
1000 0.0358 70.26 0.0465
1200 0.0321 73.33 0.0432various concentrations of PH and CA are calculated from
slopes and intercepts, respectively, and the results are shown
in Table 3. The linear regression coefﬁcients are close to unity,
indicating that dissolution of MS in industrial water medium
can be explained using the kinetic model. It can be seen from
Table 3 that the activation energy in the presence of extracts
is high compared to that in the blank. Enthalpy and entropy
of activation were calculated using the following alternative
form of Arrhenius equation,medium in the absence and presence of PH and CA extracts at
323 K 333 K
1 IE(%) C.R., mg cm2 h1 IE(%) C.R., mg cm2 h1 IE(%)
– 0.2048 – 0.3326 –
55.03 0.0973 52.49 0.1688 49.25
59.15 0.0892 56.44 0.1542 53.64
62.39 0.0832 59.37 0.1432 56.95
66.51 0.0775 62.15 0.1375 58.66
69.53 0.0686 66.50 0.1276 61.04
– 0.1935 – 0.3000 –
47.30 0.1088 46.87 0.1756 47.12
54.73 0.0954 53.41 0.1653 50.18
58.53 0.0895 56.29 0.1492 55.14
61.06 0.0838 59.08 0.1398 57.97
65.77 0.0778 62.01 0.1297 61.01
68.20 0.0682 66.69 0.1290 61.22
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Figure 3 Variation of IE(%) as a function of temperature (a) PH
extracts (b) CA extracts.
Figure 4 Arrhenius plots of MS in industrial water medium in
the absence and presence of different concentrations (a) PH
extracts and (b) CA extracts.
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Nh
exp
DS
R
exp DH
RT
 
ð6Þ
where h is Planck’s constant and N is Avogadro’s number, R is
the universal gas constant, DH is the enthalpy of activation
and DS is the entropy of activation. Using Eq. (6), plots of
log (C.R./T) versus 1/T gave straight lines with a slope of
(DH/2.303R) and an intercept of [log (R/Nh) + DS/2.303R]
(Figs. 4b and 5b) from which the values of DH and DS are cal-
culated and tabulated in Table 5. It was found that, the posi-
tive sign of the activation enthalpy (DH) in both the extracts
reﬂects the endothermic nature of the MS dissolution process
and dissolution is difﬁcult [24]. The increase of DS in the pres-
ence of plant extracts reveals that an increase in disordering
takes place on going from reactant to the activated complex
[25].
The values of DH could also be obtained from the following
equation:
DH ¼ Ea  RT ð7Þ
The values of DH obtained using Eq. (7) are in very good
agreement with those obtained from Eq. (6), conﬁrming the
endothermic process of MS dissolution in industrial water
medium.
3.4. Adsorption studies
In order to understand the mechanism of corrosion inhibition,
the adsorption behavior of the inhibitor on the metal surfacehas to be known. The data were tested graphically by ﬁtting
to various isotherms including Langmuir, Frumkin and Tem-
kin. However, the best ﬁt is obtained from Langmuir isotherm
(Fig. 6a and b) for both PH and CA extracts.
Cinhi
h
¼ 1
kads
þ Cinhi ð8Þ
where Kads is the equilibrium constant for adsorption, C is the
concentration of the inhibitor and h is the surface coverage.
The values of correlation coefﬁcient (R2) were used to judge
the best ﬁt isotherm. In the present study, the strong correla-
tion (R2 > 0.99) suggests that the adsorption of PH and CA
extracts on the MS surface obeyed this isotherm. The free
energy of adsorption is related to the equilibrium constant of
adsorption using Eq. (9),
Kads ¼ 1
55:5
exp
DGads
RT
 
ð9Þ
where, R is the universal gas constant, T is the absolute tem-
perature and 55.5 is the concentration of water in solution
(mol L1).
The values of Langmuir adsorption parameters obtained
are recorded in Table 4. The negative values of DGads in both
PH and CA extracts suggest that the adsorption of inhibitors
Figure 5 Alternative Arrhenius plots of MS in industrial water
medium in the absence and presence of different concentrations (a)
PH extracts and (b) CA extracts.
Table 3 Activation parameters for MS in industrial water medium in the absence and presence of different concentrations of PH and
CA extracts.
Plant extracts C (ppm) Ea
(kJ mol1)
k · 102
mg cm2 h1
DH
(kJ mol1)
DH= Ea  RT
(kJ mol1)
DS
(J mol1 K1)
PH 0 28.79 99.77 26.15 26.27 177.22
500 33.69 290.00 31.05 31.17 168.18
1000 35.05 436.91 32.41 32.53 164.77
1500 36.91 806.11 34.27 34.39 159.70
2000 38.56 1388.02 35.92 36.04 155.18
2500 38.44 1195.07 35.80 35.92 156.42
CA 0 28.41 99.77 25.77 25.89 178.35
200 33.29 271.88 30.654 30.77 168.71
400 34.08 329.14 31.458 31.56 167.13
600 34.94 414.37 32.301 32.42 165.23
800 35.32 447.08 32.684 32.80 164.58
1000 36.35 646.24 33.909 34.03 161.53
1200 38.00 1027.98 35.36 35.48 157.67
Figure 6 Langmuir adsorption isotherm of (a) PH extracts and
(b) CA extracts on MS in industrial water medium at different
temperatures.
206 C.B. Pradeep Kumar, K.N. Mohanaonto MS surface is a spontaneous phenomenon. Generally, the
values of DGads up to 20 kJ/mol are consistent with the elec-
trostatic interaction between the charged molecules and thecharged metal (physisorption), while those negative values
higher than 40 kJ/mol involve sharing or transfer of electrons
from the inhibitors to the metal surface to form a co-ordinate
type of bond (chemisorption) [26]. In the present study the val-
ues for DGads for PH and CA extracts on the MS surface are in
Figure 7 Plot of ln Kads versus 1/T (a) PH extracts and (b) CA
extracts.
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suggesting the combination of both physical and chemical
adsorption in both the extracts used. The negative values of
DGads indicated spontaneous adsorption of the inhibitors on
the metal surface. The enthalpy and entropy of adsorption
(DHads and DSads) can be calculated using Eq. (10):
ln Kads ¼ ln 1
55:5
 DHads
RT
þ DSads
R
ð10Þ
Using Eq. (10), the values of DHads and DSads were evalu-
ated from the slope and intercept of the plot of lnKads versus
1/T (Fig. 7a and b). The values DHads are negative, suggesting
that the adsorption of the inhibitor is an exothermic process in
both PH and CA extracts. The value of DSads is positive in the
adsorption process indicating that, the presence of inhibitors
increases the solvent entropy [27]. It also interpreted with an
increase of disorders due to more water molecules which can
be replaced from the metal surface by inhibitors [18–30]. The
endothermic adsorption process is ascribed unambiguously
to chemisorption and an exothermic adsorption process may
involve either physisorption or chemisorption or a combina-
tion of both [31]. In the present study, the negative values of
DHads obtained indicate a combination of both chemisorption
and physisorption. The values of DHads and DSads can also be
calculated by using Eq. (11):
DGads ¼ DHads  T DSads ð11Þ
The plot of DGads versus T gives a straight line (Fig. 8a and
b) with a slope of – DSads and intercept of DHads. The values
obtained are well correlated with those obtained from Eq.
(6), conﬁrming the exothermic behavior of the adsorption of
the studied plant extracts on the MS in industrial water
medium.
3.5. Electrochemical Impedance Spectroscopy (EIS)
The impedance spectra of MS in industrial water medium
containing different concentrations of PH and CA extracts at
303 K are shown in Fig. 9a and b. Nyquist impedance plots
were analyzed by ﬁtting the experimental data to a simple cir-
cuit model (Fig. 10). The ﬁtted values of Rct and IE% are listed
in Table 5. It was found that, as the concentration of the inhib-
itors increases, Rct values increase (radius of semicircle
increases), and the Cdl values tend to decrease due to theTable 4 Thermodynamic adsorption parameters for PH and CA ext
from Langmuir adsorption isotherm.
Plant extracts Temperature (K) R2 Kads
(L g1)
DGads
(kJ mol
PH 303 0.998 3460.20 30.65
313 0.995 3184.71 31.44
323 0.996 3058.10 32.34
333 0.994 3039.51 33.32
CA 303 0.994 5952.38 32.01
313 0.994 4854.36 32.54
323 0.990 4484.30 33.37
333 0.995 4329.20 34.30
a Values obtained from Eq. (6).
b Values obtained from Eq. (7).adsorption of inhibitors on the MS surface. The size of the
semicircle increases with increasing inhibitor concentration,
indicating the charge transfer process is the main controlling
factor of the corrosion of MS. The Rct value is a measure of
electron transfer across the surface and inversely proportionalracts on MS in industrial water medium at different temperatures
1)
DHads
(kJ mol1)
DSads
(J mol1 K1)
DGads= DHads  T DSads
(kJ mol1)
30.59
3.64a 88.97a 31.48
3.56b 89.00b 32.37
33.26
31.90
8.76a 76.38a 32.66
8.60b 76b 33.43
34.19
Figure 8 Plot of DGads versus absolute temperature (a) PH
extracts and (b) CA extracts.
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Figure 9 Nyquist plots for MS in industrial water medium
containing different concentrations of (a) PH extracts and (b) CA
extracts.
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increasing charge transfer resistance is most probably due to
the decrease in local dielectric constant and/or increase in
thickness of the electrical double layer. This suggests that the
inhibitor acts via adsorption at the metal/solution interface
[32].
3.6. Potentiodynamic polarization measurements
The anodic and cathodic polarization curves of MS electrode
in industrial water medium in the absence and presence of var-
ious concentrations of PH and CA extracts at 303 K are shown
in Fig. 11a and b. The electrochemical parameters such as cor-
rosion potential (Ecorr) and corrosion current density (Icorr)
were calculated from the intersection of anodic and cathodic
Tafel slopes of the polarization curves.
It is clear from Fig. 11a and b that, the presence of PH and
CA extracts decreases both cathodic and anodic slopes with
increasing concentration. That is PH and CA extracts affect
both the cathodic and anodic parts of the curves indicating
that the extracts inﬂuence the dissolution of MS and the
hydrogen evolution processes, implying that both PH and
CA extracts functioned as a mixed-type of inhibitor. The elec-
trochemical polarization parameters for mild steel in industrialwater medium without and with different concentrations of
PH and CA extracts are listed in Table 5. The parameters
include corrosion potential (Ecorr), corrosion current densities
(Icorr), as well as the inhibition efﬁciency (IE%). It was found
that, the values of Ecorr are shifted toward more positive by
increasing the concentrations of inhibitors. This is due to the
dissolution of metal is retarded by the ﬁlm formed on the metal
surface. Corrosion current (Icorr) was found to decrease with
increasing concentration, indicating the increased inhibition
efﬁciency with the increase in the concentration of the inhibi-
tors. The inhibition action of PH and CA extracts is attributed
to adsorption and formation of barrier ﬁlm on the metal sur-
face that separates the metal surface from the corrosive med-
ium. Generally, an inhibitor can be classiﬁed as cathodic or
anodic type if the shift of corrosion potential in the presence
of the inhibitor is more than 85 mV with respect to that in
the absence of the inhibitor [33]. From the results, the changes
of Ecorr are less than 85 mV for studied inhibitors, which
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Figure 11 Polarization curves for MS in industrial water
medium with different concentrations of (a) PH extracts and (b)
CA extracts.
Table 5 Ecorr, Icorr, Rct and IE% obtained from polarization and impedance measurements for MS in industrial water medium
containing various concentrations of PH and CA extracts.
Plant extracts C (ppm) EIS Polarization
Cdl
(lF cm2)
Rct
(X cm2)
IE% Ecorr
(lV)
Icorr
(lA cm2)
IE%
PH 0 60.19 126.5 0.512 109.3
500 46.23 284.9 55.59 0.493 45.64 58.24
1000 43.89 339.9 62.69 0.501 39.47 63.88
1500 42.24 417.3 69.68 0.480 33.28 69.55
2000 35.44 430.7 70.62 0.482 33.85 69.05
2500 27.79 503.5 74.87 0.510 26.49 75.76
CA 200 62.36 289.9 56.36 0.493 50.84 53.48
400 51.49 316.8 60.06 0.486 42.9 60.75
600 51.09 348.9 63.74 0.484 37.38 65.80
800 32.19 378.2 66.55 0.484 35.08 67.90
1000 33.81 465.3 72.81 0.473 31.84 70.86
1200 26.65 548.8 76.94 0.483 25.38 76.70
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corrosion of MS in industrial water medium.
3.7. Antioxidant activity
The methanolic extracts of PH and CA were evaluated for
their antioxidant activity by using DPPH and hydroxyl radical
scavenging assay methods. Radical scavenging potential wasexpressed as IC50 value, which represents the sample concen-
tration at which 50% of the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radicals scavenged. The crude methanolic extracts
of PH and CA showed good antioxidant activity with IC50
value of 16.57 and 17.66 lg/mL, respectively. Hydroxyl radical
scavenging assay shows the ability of the extracts and standard
to inhibit hydroxyl radical-mediated deoxyribose degradation
in a Fe3+–EDTA–ascorbic acid and H2O2 reaction mixture.
The PH extract has lower IC50 values compared to that of
CA extracts showing high ability in hydroxyl radical scaveng-
ing. The IC50 values of methanolic extracts of both PH and CA
are found to be almost same.
The results indicate that the antioxidant activity of the
crude methanolic extract of PH is higher than that of ascorbic
acid, while CA extracts are almost the same as that of standard
ascorbic acid. This comparable antioxidant capacity of PH and
CA extracts results from the contribution of phenolic com-
pounds and also, due to the presence of other antioxidant sec-
ondary metabolites such as ﬂavonols, saponins, steroids,
triterpenes and tannins. Several studies reported that phenolic
compounds in herbs signiﬁcantly contributed to their antioxi-
dant properties [34–36]. The antioxidant activity of phenolics
is mainly due to their redox properties, which allow them to
act as reducing agents, hydrogen donors and singlet oxygen
quenchers [37]. The phytochemical tests indicated the presence
of glycosides, tannins and ﬂavanoids in the crude methanolic
extracts, and the observed antioxidant activity may be due to
the presence of any of these constituents. Free radicals and sin-
glet oxygen scavengers (antioxidants) found to have a metal
and alloy anticorrosive effect which depend to a greater extent
on the structural feature of the antioxidant added and its
accepting – donating hydrogen or electron behaviors [38].
Reduction of oxygen availability in the corroding system and
the presence of a barrier between the electrode surface and
oxygen retarding the rate of metal corrosion [39].
3.8. Scanning Electron Microscopy (SEM)
The formation of protective ﬁlm of inhibitors on the MS sur-
face was examined by SEM observations. Fig. 12a–d represent
the SEM images of MS surface after immersion in industrial
ac d
b
Figure 12 SEM images of MS in industrial water medium after 40 h immersion (a) before immersion (polished) (b) without inhibitor
(blank) (c) with 2500 ppm PH extracts and (d) with 1200 ppm CA extracts.
210 C.B. Pradeep Kumar, K.N. Mohanawater medium in the absence and presence of optimum con-
centrations of inhibitors. Fig. 12a is the image of MS surface
before placing in industrial water medium. Fig. 12b shows
the surface after immersed in the industrial water solution
for 40 h. The morphology of MS surface in Fig. 12b is highly
corroded with cracks and pits due to rapid corrosion attack.
However, in the presence of these extracts (Fig. 12c and d),
it was found that the corrosion of MS decreases remarkably.
The smooth and much less corroded morphology of MS sur-
face in inhibited solution might be attributed to the adsorption
of PH and CA extracts on MS surface.
4. Conclusions
 PH and CA are efﬁcient, eco-friendly and low-cost corro-
sion inhibitors for MS in industrial water medium.
 The IE(%) of PH and CA extracts increased with increasing
concentration and decreased with temperature.
 The results obtained by mass loss, electrochemical imped-
ance spectroscopy and polarization measurements are in
good agreement with each other.
 The adsorption of both PH and CA extracts was found to
obey the Langmuir adsorption isotherm. The values of
Gibbs free energy calculated indicated that the adsorption
of PH and CA extracts on MS in industrial water medium
is the combination of both physisorption and
chemisorption.
 The adsorbed ﬁlm containing the investigated PH and CA
extracts was identiﬁed by SEM analysis.
 The results obtained by antioxidant activity measurements
are correlated with inhibition efﬁciency (IE%).Acknowledgments
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